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Abstract 

Background: Tracking of replicative senescence is of fundamental relevance in cellular therapy. Cell 
preparations - such as mesenchymal stromal cells (MSCs) - undergo continuous changes during culture expansion, 
which is reflected by impaired proliferation and loss of differentiation potential. This process is associated with 
epigenetic modifications: during in vitro culture, cells acquire senescence-associated DNA methylation (SA-DNAm) 
changes at specific sites in the genome. We have recently described an Epigenetic-Senescence-Signature that 
facilitates prediction of the state of cellular aging by analysis of DNAm at six CpG sites (associated with the genes 
GRM7, CASR, PRAMEF2, SELP, CASP14 and KRTAP13-3), but this has not yet been proven over subsequent passages 
and with MSCs isolated under good manufacturing practice (GMP) conditions. 

Findings: MSCs were isolated from human bone marrow and GMP-conform expanded for up to 1 1 passages. 
Cumulative population doublings (cPDs) and long-term growth curves were calculated based on cell numbers at 
each passage. Furthermore, 32 cryopreserved aliquots of these cell preparations were retrospectively analyzed 
using our Epigenetic-Senescence-Signature: DNAm-level was analyzed at six specific CpGs, and the results were 
used to estimate cPDs, time of culture expansion, and passage numbers. Overall, predicted and real parameters 
revealed a good correlation, particularly in cPDs. Based on predicted cPDs we could reconstruct long-term growth 
curves and demonstrated the continuous increase in replicative senescence on molecular level. 

Conclusion: Epigenetic analysis of specific CpG sites in the genome can be used to estimate the state of cellular 
aging for quality control of therapeutic cell products. 

Keywords: Mesenchymal stem cells, Long-term culture, Expansion, Senescence, Epigenetic, DNA-methylation, 
GMP, Quality control 



Findings 

Mesenchymal stromal cells are usually culture expanded 
for clinical application. Yet, cells undergo tremendous 
changes during long-term culture: they enlarge, acquire 
flat "fried-egg" morphology, lose differentiation potential, 
and ultimately stop proliferation [1,2]. This phenomenon 
has already been described over 50 years ago by Leonhard 
Hayflick [3]. It is important to note that functional 
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changes - including loss of colony-forming units, as well 
as adipogenic and osteogenic differentiation potential - 
become already evident during early passages [4], There 
is also evidence that secretory and immunomodulatory 
functions of MSCs change upon in vitro expansion [5]. 
Furthermore, cells in culture may be more prone to 
mutations - and hence, malignant transformation [6,7]. 
This conflicts with the high demands for standardization 
and safety in regenerative medicine. Therefore, it is im- 
portant to monitor replicative senescence in long-term 
culture of MSCs [8]. 

Analysis of senescence-associated beta-galactosidase 
(SA-p-Gal) activity is the most widely used biomarker 
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for replicative senescence in vitro [9]. We observed that 
it is particularly detected in very late, senescent passages 
[10], although other authors indicated that it is also 
up-regulated earlier in culture [11,12]. Furthermore, 
SA-(3-Gal may also be induced upon stress during 
in vitro culture [13] but this analysis does not facilitate 
reliable estimation of cumulative population doublings 
(cPDs). Telomere attrition has also been correlated 
with replicative potential, but the results vary between 
different cell types and culture methods [14-16]. Ana- 
lysis of cPDs necessitates precise cell counting at each 
passage throughout culture expansion. So far, the state 
of cellular aging could not be determined retrospectively 
without this information. 

Culture expansion of MSCs is associated with senescence- 
associated DNA-methylation (SA-DNAm) changes at 
specific sites in the genome which become either hyper- 
methylated or hypo-methylated [17,18]. These senescence- 
associated CpG sites are enriched in developmental genes 
and they correlate with repressive histone marks [19]. The 
mechanism regulating these SA-DNAm changes is yet un- 
clear - it is possible that they resemble a kind of epigen- 
etic drift, similar to observations in aging of the organism 
[20]. On the other hand, we have recently demonstrated 
that almost the entire set of SA-DNAm is reversed by re- 
programming into induced pluripotent stem cells (iPSCs) 
indicating that the process can be reversed by the pluripo- 
tent state [21]. It is also unknown if SA-DNAm changes 
entail the profound functional changes during culture 
expansion, or if they rather resemble a byproduct. Either 
way, SA-DNAm changes are highly reproducible and may 
therefore be used to monitor cellular senescence. To this 
end, we have elaborated an Epigenetic-Aging-Signature 
based on six specific CpG sites which seemed to display 
consistent SA-DNAm changes in different cell prepa- 
rations. Integration of these DNAm levels in linear- 
regression models facilitated prediction of passage 
number, cPDs, and days of in vitro culture [22]. Yet, 
this method required further validation - particularly 
on cell preparations isolated under good manufacturing 
practice (GMP) conditions. So far, the method has not 
been used with cells isolated in serial passages and with 
DNA directly isolated from cryopreserved cell aliquots. 
Therefore, we performed the following retrospective 
study: 

MSCs were isolated from human bone marrow of the 
iliac crest of three different heart patient donors after full 
informed consent with ethical approval by the Ethical 
Committee from the University Hospital Erasme of the 
Universite Libre de Bruxelles (ULB; aggregation number 
N°OM021) and cultivated as described before [23]. In 
brief, cells were cultured at 37°C in Advanced Minimal 
Essential Medium (Invitrogen, Eugene, OR, USA) sup- 
plemented with 5% human platelet lysate (Mill Creek 



Life Science, Rochester, MN, USA), Glutamax™ (Invitro- 
gen), and penicillin/streptomycin (Invitrogen). After 
24 h, non-adherent bone marrow and cellular debris 
were removed and adherent mesenchymal cells were 
expanded using cell seeding densities varying between 
2,000 and 6,000 cells/cm 2 . After the initial passages 
cultures were split into parallel subcultures, cultivated 
for several passages and in some cases subcultured for a 
second time (Figure 1A). Upon several amplification 
rounds cells were treated with C3BS proprietary cardio- 
trophic cocktail containing additional growth factors. 
Post-cocktail treatment, cells were cultured for a mini- 
mum of two additional passages or until growth arrest 
was observed. At each passage, cell numbers and seed- 
ing density have been carefully documented. Based on 
these numbers we calculated long-term growth curves 
(Figure IB). MSCs of all three donors stopped prolifera- 
tion after about 30 cPDs. Even when the culture was 
split and further cultured independently, there was only 
a slight deviation in the maximal number of cPDs which 
might either be due to the outgrowth of different sub- 
fractions or deviations in cell counting. 

Thirty-two cryopreserved samples, which correspond to 
various passages of the three donors, were then analyzed 
using the Epigenetic-Senescence-Signature to estimate 
the state of cellular aging. In our previous work, we did 
not analyze many subsequent passages from the same 
cell preparation and harvested DNA directly from cells 
in culture. DNA was now isolated from cryopreserved 
vials without taking cells into culture and then bisulfite- 
converted. SA-DNAm of the six relevant CpGs was ana- 
lyzed in a blinded manner by pyrosequencing as described 
in detail before (performed at Varionostic GmbH, Ulm, 
Germany) [22,24]. In brief, two CpGs become continu- 
ously hyper-methylated in long-term culture (associated 
with the genes GRM7 and CASR) and four CpGs become 
hypo-methylated (corresponding to PRAMEF2, SELP, 
CASP14 and KRTAP13-3). DNAm values of each sample 
were then used for linear regression analysis to predict 
cPDs, passage number and days of in vitro culture. An 
online-calculator is provided under: http://www.molcell. 
rwth-aachen.de/dms/. It needs to be noted that the genes 
associated with the six relevant CpGs are not expressed in 
MSCs [22]. In fact, there are highly reproducible changes 
in gene expression profiles during long-term culture 
[10,25] but this seems to be hardly related to SA-DNAm 
changes [17,21]. Thus, there is no direct association of the 
Epigenetic-Senescence-Signature with well-known path- 
ways of senescence [26] - it is a suitable biomarker but 
the functional relevance is yet unclear. 

Overall, the predictions for cPDs, days of in vitro culture 
and passage numbers correlated well with real parameters, 
although they were slightly overestimated (Figure 1C). 
The best correlation was observed with cPDs which may 
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Figure 1 Epigenetic-Senescence-Signature during long-term culture of MSCs. (A) MSCs were isolated form bone marrow (BM) of three patients 
and sub-cultured during expansion as indicated by the hierarchical trees. (B) Long-term growth curves reveal that cell growth decayed within 30 
cumulative population doublings (cPDs). Black triangles indicate subculturing as mentioned above. (C) DNAm analysis at six senescence-associated 
CpG sites was then performed in various cryopreserved vials by pyrosequencing [22,24]. Based on these results we calculated predictions for cPDs, days 
of in vitro culture and passage numbers. These predictions were subsequently compared to real values. (D) Predictions for cPDs, as determined using 
the Epigenetic-Aging-Signature, were plotted against real culture time to simulate long-term growth curves. Overall, the results correspond to real 
long-term growth curves even with regard to different subcultures (symbols as depicted in B). 



be not surprising - passage numbers resemble a rather 
imprecise measure which is greatly affected by handling in 
cell culture, whereas cultivation-time is interdependent on 
donor-specific differences in cell growth. Overestimation 
of the state of cellular aging might be attributed to oper- 
ational procedures in cell culture or to systematic devi- 
ation in cell counting. On the other hand, differences in 
starting material and culture conditions may have signifi- 
cant impact on replicative senescence during culture ex- 
pansion, too, and this may necessitate further adaptation 



of the differential equations. Particularly samples of donor 
3 revealed a low correlation and a different slope of pre- 
dicted versus real parameters. This supports the notion 
that there are differences in the state of cellular senescence 
between cell preparations which are not necessarily 
reflected by long-term growth curves. Subsequently, we 
simulated long-term growth curves based on the predicted 
values for cPDs. As mentioned above, different subcul- 
tures reached slightly different maximal cPDs. The same 
tendencies were also observed epigenetically: subcultures 
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which reached more real cPDs were also estimated to have 
reached more cPDs using the Epigenetic- Aging-Signature 
(Figure ID). This indicates that the differences are 
indeed cell-intrinsic and not due to deviations in cell 
counting. 

There is a growing perception that standardized pro- 
tocols and quality control of therapeutic cell prepara- 
tions are a prerequisite for reliable and reproducible 
cellular therapy. Given the major impact of long-term 
culture on molecular changes in MSCs it is very likely 
that this process has also impact on the therapeutic po- 
tential. Clinical outcome should therefore be evaluated 
in the context of cellular aging. In this short report, we 
provide further evidence that this can be tracked by spe- 
cific epigenetic modifications. Epigenetic analysis may 
be used as a tool to validate cell counts and sampling in 
the course of long-term culture of MSCs - which is a 
time consuming and error prone procedure - and it is 
of particular relevance if detailed cell numbers have not 
been documented throughout expansion. We demon- 
strate that our Epigenetic-Senescence-Signature reflects 
inter-individual differences and variation in subpopula- 
tions which are not necessarily reflected in conventional 
long-term growth curves. In this regard, the epigenetic 
state of cell preparations might even provide the more 
accurate measurement for the biological state of cellular 
aging. Furthermore, it will be interesting to investigate 
if molecules secreted by senescent cells, a phenomenon 
termed senescence-associated secretory phenotype (SASP), 
affect also the epigenetic state of cells in culture [27,28]. 
Our method facilitates analysis of continuously cultured 
cells as well as retrospective analysis of cryopreserved re- 
sidual vials [22]. Cryopreservation is commonly performed 
in many labs and clinical trials - even though this process 
makes a selection because, after thawing, not all cells grow 
out. On the other hand, applicability on such retained 
samples, which are usually collected in clinical trials, now 
opens new perceptive to gain better insight in the impact 
of long-term culture on clinical outcome. In the future, it 
would therefore be interesting to analyze SA-DNAm sam- 
ples in therapeutic cellular products and to correlate the 
results with clinical performance. 

Abbreviations 

MSCs: Mesenchymal stromal cells; SA-p-Gal: Senescence-associated 
beta-galactosidase; cPDs: cumulative population doublings; DNAm: DNA 
methylation; SA-DNAm: Senescence-associated DNA-methylation; 
iPSCs: induced pluripotent stem cells; GMP: Good manufacturing practice; 
BM: Bone marrow. 

Competing interests 

RV\^H Aachen has applied for a patent application for the "Epigenetic- 
Senescence-Signature". WW is involved in the company Cygenia that 
provides this service to other researchers. SM & PdW are employed by 
Cardio3 Biosciences; RJ has been employed by Cardio3 Biosciences. Apart 
from this, the authors have no competing interest for this study. 



Authors' contributions 

AS analyzed the data and revised the manuscript. SM collected the data, 
participated in the analysis of the data and the writing of the manuscript. 
CMK collected and analyzed the data. RJ participated in the design of the 
study. PW participated in the design of the study and the writing of the 
manuscript. WW carried out the design of the study and the writing of the 
manuscript. All authors read and approved the final manuscript. 



Acknowledgements 

This work was supported by the Else-Kroner-Fresenius Stiftung and by the 
Stem Cell Network NRW. 

Author details 

^elmholtz-lnstitute for Biomedical Technology, Stem Cell Biology and 
Cellular Engineering, RV\^H Aachen University Medical School, Pauwelsstrasse 
20, 52074 Aachen, Germany. 2 Cardio3 Biosciences, Rue Edouard Belin 12, 
1435 Mont-Saint-Guilbert, Belgium. 

Received: 23 September 2013 Accepted: 1 1 April 2014 
Published: 23 April 2014 



References 

1. Banfi A, Muraglia A, Dozin B, Mastrogiacomo M, Cancedda R, Quarto R: 
Proliferation kinetics and differentiation potential of ex vivo expanded 
human bone marrow stromal cells: Implications for their use in cell 
therapy. Exp Hematol 2000, 28:707-715. 

2. Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH, Ghavamzadeh A, 
Nikbin B: Aging of mesenchymal stem cell in vitro. BMC Cell Biol 2006, 
7:14. 

3. Hayflick L, Moorhead P: The serial cultivation of human diploid cell 
strains. Exp Cell Res 1961, 25:585-621. 

4. Schellenberg A, Stiehl T, Horn P, Joussen S, Pallua N, Ho A, Wagner W: 
Population Dynamics of Mesenchymal Stromal Cells during Culture 
Expansion. Cytotheropy 2012, 14:401-41 1. 

5. Lepperdinger G: Inflammation and mesenchymal stem cell aging. 
Cuff Opin Immunol 201 1, 23:518-524. 

6. Tarte K, Gaillard J, Lataillade JJ, Fouillard L, Becker M, Mossafa H, Tchirkov A, 
Rouard H, Henry C, Splingard M, Dulong J, Monnier D, Gourmelon P, Gorin 
NC, Sensebe L, Societe Francaise de Greffe de Moelle et Therapie Cellulaire: 
Clinical-grade production of human mesenchymal stromal cells: 
occurrence of aneuploidy without transformation. Blood 2010, 
115:1549-1553. 

7. Lepperdinger G, Brunauer R, Jamnig A, Laschober G, Kassem M: 
Controversial issue: is it safe to employ mesenchymal stem cells in 
cell-based therapies? Exp Gemntol 2008, 43:1018-1023. 

8. Wagner W, Bork S, Lepperdinger G, Joussen S, Ma N, Strunk D, Koch C: How 
to track cellular aging of mesenchymal stromal cells. Aging (Albany NY) 
2010, 2:224-230. 

9. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, 
Linskens M, Rubelj I, Pereira-Smith O: A biomarker that identifies senescent 
human cells in culture and in aging skin in vivo. Pfoc Natl Acad Sci USA 
1995, 92:9363-9367. 

10. Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, Benes V, 
Blake J, Pfister S, Eckstein V, Ho AD: Replicative Senescence of 
Mesenchymal Stem Cells - a Continuous and Organized Process. 
PLoS ONE 2008, 5:e2213. 

1 1 . Alessio N, Bohn W, Rauchberger V, Rizzolio F, Cipollaro M, Rosemann M, 
Irmler M, Beckers J, Giordano A, Galderisi U: Silencing of RB1 but not of 
RB2/P130 induces cellular senescence and impairs the differentiation 
potential of human mesenchymal stem cells. Cell Mol Life Sci 2013, 
70:1637-1651. 

12. Tsai WC, Chang HN, Yu TV, Chien CH, Fu LF, Liang FC, Pang JH: Decreased 
proliferation of aging tenocytes is associated with down-regulation of 
cellular senescence-inhibited gene and up-regulation of p27. J Ofthop 
Res 201 1,29:1598-1603. 

13. Frippiat C, Chen QM, Zdanov S, Magalhaes JP, Remade J, Toussaint O: 
Subcytotoxic H202 stress triggers a release of transforming growth 
factor-beta 1, which induces biomarkers of cellular senescence of human 
diploid fibroblasts. J Biol Chem 2001, 276:2531-2537. 



Schellenberg et al. BMC Research Notes 2014, 7:254 Page 5 of 5 

http://www.biomedcentral.eom/1756-0500/7/254 



14. Allsopp RC, Vaziri H, Patterson C, Goldstein S, Younglai EV, Futcher AB, 
Greider CW, Harley CB: Telomere length predicts replicative capacity of 
human fibroblasts. Proc Natl Acad Sci USA] 992, 89:1 01 1 4-1 01 1 8. 

15. Baxter MA, Wynn RF, Jowitt SN, Wraith JE, Fairbairn LJ, Bellantuono I: Study 
of telomere length reveals rapid aging of human marrow stromal cells 
following in vitro expansion. Stem Cells 2004, 22:675-682. 

16. Fehrer C, Voglauer R, Wieser M, Pfister G, Brunauer R, Cioca D, Grubeck- 
Loebenstein B, Lepperdinger G: Techniques in gerontology: cell lines as 
standards for telomere length and telomerase activity assessment. 
Exp Gerontol 2006, 41:648-651. 

1 7. Bork S, Pfister S, Witt H, Horn P, Korn B, Ho AD, Wagner W: DNA 
Methylation Pattern Changes upon Long-Term Culture and Aging of 
Human Mesenchymal Stromal Cells. Aging Cell 2010, 9:54-63. 

18. Redaelli S, Bentivegna A, Foudah D, Miloso M, Redondo J, Riva G, 
Baronchelli S, Dalpra L, Tredici G: From cytogenomic to epigenomic 
profiles: monitoring the biological behavior of in vitro cultured human 
bone marrow mesenchymal stem cells. Stem Cell Research and Therapy 
2012, 3:47. 

19. Schellenberg A, Lin Q, Schueler H, Koch C, Joussen S, Denecke B, Walenda 
G, Pallua N, Suschek C, Zenke M, Wagner W: Replicative senescence of 
mesenchymal stem cells causes DNA-methylation changes which 
correlate with repressive histone marks. Aging (Albany NY) 201 1, 
3:873-888. 

20. Teschendorff AE, West J, Beck S: Age-associated epigenetic drift: 
implications, and a case of epigenetic thrift? Hum Mol Genet 2013, 
22:7-15. 

21 . Koch CM, Reck K, Shao K, Lin Q, Joussen S, Ziegler P, Walenda G, Drescher 
W, Opalka B, May T, Brummendorf T, Zenke M, Saric T, Wagner W: 
Pluripotent stem cells escape from senescence-associated DNA 
methylation changes. Genome Res 2013, 23:248-259. 

22. Koch CM, Joussen S, Schellenberg A, Lin Q, Zenke M, Wagner W: 
Monitoring of Cellular Senescence by DNA-Methylation at Specific CpG 
sites. Aging Cell 201 2, 1 1 :366-369. 

23. Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, Dens J, El 
Nakadi B, Banovic M, Beleslin B, Vrolix M, Legrand V, Vrints C, 
Vanoverschelde JL, Crespo-Diaz R, Homsy C, Tendera M, Waldman S, Wijns 
W, Terzic A: Cardiopoietic Stem Cell Therapy in Heart Failure: The C-CURE 
(Cardiopoietic stem Cell therapy in heart failURE) Multicenter Randomized 
Trial With Lineage-Specified Biologies. J Am Coll Cardiol 2013, 61:2329-2338. 

24. Koch CM, Wagner W: Epigenetic Biomarker to Determine Replicative 
Senescence of Cultured Cells. Meth Mol Biol 2013, 1048:309-321. 

25. Schallmoser K, Bartmann C, Rohde E, Bork S, Guelly C, Obenauf AC, Reinisch 
A, Horn P, Ho AD, Strunk D, Wagner W: Replicative senescence-associated 
gene expression changes in mesenchymal stromal cells are similar under 
different culture conditions. Haematologica 2010, 95:867-874. 

26. Campisi J: d'Adda di FF: Cellular senescence: when bad things happen to 
good cells. Nat Rev Mol Cell Biol 2007, 8:729-740. 

27. Fumagalli M: d'Adda di FF: SASPense and DDRama in cancer and ageing. 
Nat Cell Biol 2009, 1 1:921-923. 

28. Severino V, Alessio N, Farina A, Sandomenico A, Cipollaro M, Peluso G, 
Galderisi U, Chambery A: Insulin-like growth factor binding proteins 4 and 
7 released by senescent cells promote premature senescence in 
mesenchymal stem cells. Cell Death Dis 2013, 4:e91 1. 



doi:1 0.1 1 86/1 756-0500-7-254 

Cite this article as: Schellenberg et al.: Proof of principle: quality control 
of therapeutic cell preparations using senescence-associated 
DNA-methylation changes. BMC Research Notes 2014 7:254. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



